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calcium-activated adenylyl cyclase; bioenergetics; pacemaker automaticity REGULATION OF SINOATRIAL NODE cells (SANCs) pacemaker function involves a coupled-clock system ( Fig. 1) , i.e., surface membrane electrogenic proteins, functioning as a voltage oscillator ("membrane clock"), and sarcoplasmic reticulum (SR) ( (2, 19) . This high-throughput Ca 2ϩ -calmodulin-activated AC/PKA-CaMKII-Ca 2ϩ release signaling cascade in pacemaker cells is regulated in a feed-forward manner (27, 43) and requires physiological "brakes" to maintain the basal spontaneous action potential (AP) firing rate well below its maximum (Fig. 1 ). This regulation is accomplished by basal phosphodiesterase (PDE) (15, 27, 37) and protein phosphatase activity (1, 44) (Fig. 1) . ATP is required to activate AC to produce cAMP, and a significant part of ATP is consumed to pump Ca 2ϩ into the SR, to maintain Na ϩ /K ϩ pump function and to maintain cell ionic homeostasis. Our prior studies indicate that the ATP supply required to support the basal SANC firing rate is also controlled by the Ca 2ϩ -AC/PKA-CaMKII cascade (39, 41) (Fig. 1) . When the AP firing rate increases, e.g., in response to ␤-adrenergic receptor (␤-AR) stimulation (see Fig. 1 ), ATP production must increase to ensure that the increase in ATP demand required to maintain high spontaneous AP firing rate is matched by increased ATP production. Mechanisms that modulate an increase in the rate of ATP production above that level required to support the basal ATP demand, however, have not been explored. Specifically, when the spontaneous AP firing rate increases, the ATP demand increase may have more than one control mechanism involved to match ATP supply to demand. Therefore, different control mechanisms may play a role in matching ATP supply to demand when the ATP demand is above that in the basal state.
We hypothesized that Ca 2ϩ acts both directly within mitochondria and indirectly via Ca 2ϩ -cAMP/PKA-CaMKII signaling to mitochondria to increase ATP supply to meet the increase in the ATP demand required to sustain an increase in the SANC spontaneous AP firing rate above the basal rate. If this hypothesis were correct, an increase in AP firing rate above the basal state would occur in the context of increases in both mitochondrial Ca 2ϩ (Ca 2ϩ m ) and cAMP/PKA signaling, and the ATP level would remain constant. Furthermore, preventing the increase in Ca 2ϩ m or reducing cAMP/PKA signaling would reduce the extent to which the spontaneous AP firing rate could increase in response to chronotropic perturbations. To test our hypothesis, we employed a battery of physiological and pharmacological tools known to increase AP firing rate, and measured the changes in spontaneous AP firing rate, cAMP, Ca 2ϩ m , and the ATP level and relationships among these variables.
MATERIALS AND METHODS

Intracellular Ca
2ϩ , Ca 2ϩ m, flavoprotein autofluorescence, and the spontaneous AP firing rate of single isolated rabbit SANC, and ATP, cAMP, and O2 consumption in SANC suspensions were measured in the presence and absence of drugs that increase ATP demand by increasing the AP firing rate.
Single SANC isolation. Single, spontaneously beating spindleshaped SANC were isolated from New Zealand White rabbit hearts as previously described (37) . The study conformed to the Guide for the Care and Use of Laboratory Animals published by the US National Institutes of Health. The experiment protocols were approved by the Animal Care and Use Committee of the National Institutes of Health (protocol #034 LCS 2013). The rabbits weighed 1.8 -2.5 kg and were deeply anesthetized with pentobarbital sodium (50 -90 mg/kg) injected to the central ear vein. The adequacy of anesthesia was monitored until reflexes to ear pinch and jaw tone were lost. We choose only single SANC that generate spontaneous AP firing at a constant rate higher than 120 beats/min and rhythm without noticeable pauses (24) .
SANC contraction. We monitored the rate of spontaneous APinduced contractions of single isolated SANC to detect the spontaneous AP firing rate in Tyrode solution at 35 Ϯ 0.5°C containing (in mmol/l): 140 NaCl, 5.4 KCl, 2 MgCl 2, 5 HEPES, 1.8 CaCl2, and 5.5 glucose, pH 7.4 with NaOH. The SANC contraction was measured from transmitted line-scan images (using 512 ϫ 1 pixels at 21.5 pixel/m and 0.8 ms/line) with the scan line oriented along the short axis of the cell using a LSM-510 inverted confocal microscope with a 63x/1.4 N.A. oil immersion lens (Carl Zeiss) and 633 nm He-Ne laser excitation. The spontaneous AP-induced changes in cell displacement due to contraction were measured parallel to the scan line. Because SANC typically have a spindle shape it is imposable to measure the amplitude of SANC displacement induced by an AP using only a one-dimensional measurement. Therefore, we measured the cell displacement not to assess the strength of contraction or other contractile characteristics but, rather, to simply assess the rhythmic spontaneous AP firing rate from the rate of rhythmic cell displacements. The response to each drug was measured in nine cells from at least three rabbits. probe, Indo-1, as previously described (42) . Briefly, 50 M MnCl2 was applied to Indo-1-AM loaded SANC to selectively quench the cytosolic Indo-1 fluorescence. The Mn 2ϩ -resistant fluorescence of Indo-1-loaded cells after reaching steady-state quenching was interpreted as the mean Ca 2ϩ m. Seven or eight cells from at least three rabbits were used to measure the responses to each drug.
Flavoprotein autofluorescence recordings in SANC. The endogenous autofluorescence of mitochondrial flavoproteins was imaged in Tyrode solution (see above) at 35 Ϯ 0.5°C by a LSM510 confocal microscope (see above) using a 40x/1.3 N.A. oil immersion lens and a 488 nm laser. Images were recorded at frame per 20 s, as previously described (39) . The flavoprotein fluorescence response (an indicator of matrix redox state) to each drug in a given cell was expressed as a percent change of the difference between the maximum flavoprotein fluorescence using 100 mol/l 2,4-dinitrophenol (DNP), and minimal flavoprotein fluorescence using 4 mmol/l NaCN. Six cells from at least four rabbits were used to measure the response to each drug.
Experimental protocol for SANC suspensions. Because the number of healthy and functional cells in cell suspensions varies from preparation to preparation (from 20 to 30%), comparability among responses to drug interventions in different suspensions was ensured by measuring ATP, cAMP, and O2 consumption in aliquots of a given suspension containing an equal amount of protein and viable cells. To compare results of different suspensions studied on different days, drug effects in aliquots from all suspensions were expressed as a % of their respective controls. Finally, to ensure the validity of comparison among O2, ATP, cAMP, and spontaneous beating rate, the beating O 2 consumption measurements in SANC. Oxygen consumption was measured in cell suspensions of spontaneously beating SANC using Clark-type electrodes (MT200, Strathkelvin Instruments). SANC suspensions were prepared as previously described (39) . The cell suspension was divided equally into two aliquots: the first aliquot was treated with a pharmacological tool that increased ATP demand, and the second served as a control. Cell suspensions were stirred gently at 36°C, and measurements were acquired for 2 min under control conditions and 3 min following application of drug. Measurements in the control were made for 5 min and reported at the end of 5 min. Oxygen consumption in the presence of drug was normalized to the control level for each experiment (to normalize the number of cells, the % of viable cells and oxygenation conditions, which vary from one isolation to the other; see above). Total protein concentration was determined by a BCA Protein Assay (Pierce), and the number of viable (spontaneously contracting) cells was determined from the original cell suspension.
ATP measurements in SANC. The cell suspension (incubated in fresh Tyrode solution; as above) was divided equally into six aliquots: the first aliquot was treated with drug; the second with 100 mol/l DNP for 15 min, to uncouple SANC energetics and to decrease ATP level; the third and the fourth were used as controls; and the two remaining aliquots were used to measure cAMP (see below). SANC suspensions were prepared for ATP measurements as previously described (39) . Total protein concentration was determined by a BCA Protein Assay (Pierce), and the number of viable (spontaneously contracting) cells was determined from the original cell suspension prior to stopping the reactions. The ATP concentration was determined by a bioluminescence assay kit, HS II (Roche), and normalized to the cell ATP level after 15-min incubation with DNP, as previously described (39) .
cAMP measurements in SANC. We used two different methods to measure cAMP. In the first method, two cell suspension groups (control and drug) were pretreated with 100 mol/l 3-isobutyl-1-methylxanthine (IBMX) prior to drug applications. In the second method, the cell suspension was divided to four aliquots: the first contained 2 ⁄3 of the cells and was used as a control, the others were divided equally to three parts, and each one was pretreated with a drug (i.e., ␤-AR stimulator, PDE inhibitor, or protein phosphatase inhibitor). SANC suspensions were prepared for cAMP measurements as previously described (39) , and cAMP levels were measured by a LANCE cAMP detection kit (PerkinElmer) and expressed as a percentage of the drug-free, control group.
Single ventricular myocyte isolation. Adult ventricular myocytes (VMs) were isolated from New Zealand White rabbit hearts. After thoracotomy, hearts were rapidly excised and cannulated on a gravity driven Langendorff perfusion apparatus and perfused at 37°C with a solution containing (in mM): 120 NaCl, 5.4 KCl, 1.0 NaH2PO4, 20 NaHCO3, 10 glucose, 1.6 MgCl2 (pH 7.2) bubbled with 95% O2 and 5% CO2. An initial wash of ϳ5 min was followed by perfusion with buffer containing 1 mg/ml collagenase (Worthington) and 0.02 mg/ml protease (type XIV, Sigma-Aldrich). After 10 -15 min the perfusion was stopped and the hearts were minced with scissors and dissociated with transfer pipettes. The cells were centrifuged (100 g) for 1 min and suspended into the above solution fortified with 250 M CaCl2. The cells placed for a second digestion for 10 -15 min in a shaker (60 -70 rpm) at 37°C, with Tyrode solution containing 100 mM CaCl2 and collagenase (1 mg/ml). The cells were centrifuged (100 g) for 1 min and suspended into the above solution fortified with 250 M CaCl2. CaCl2 increased from 250 to 500 M. Finally, after purification by gravity sedimentation, the cells were suspended in Tyrode buffer containing (in mM): 137 NaCl, 4.9 KCl, 1.6 MgCl2, 1.2 NaH2PO4, 15 glucose, 20 HEPES, and 1 CaCl2 (pH 7.3 with NaOH).
ATP measurements in VM. We placed 2 ml of VM suspension (incubated in fresh VM Tyrode solution, as above) in 10 ml beaker with a pair of electrodes. Cell suspensions in control or with drug perturbation (i.e., ␤-AR stimulator, PDE inhibitor, or protein phosphatase inhibitor) were stirred gently at 36°C, and measurements were acquired at 2 min under control conditions (quiescent mode), 1 min following electrical stimulation at 3 Hz, and 1 min following electrical stimulation at 4 Hz. One group was treated with 100 mol/l DNP for 15 min, to uncouple SANC energetics and to decrease ATP level. Total protein concentration was determined by a BCA Protein Assay (Pierce), and we determined the number of viable cells from the original cell suspension prior to stopping the reactions. The ATP concentration was determined by a bioluminescence assay kit, HS II (Roche), and normalized to the cell ATP level after 15-min incubation with DNP, as previously described (39) .
cAMP measurements in VM. When an aliquot was taken for ATP measurement (see above) another aliquot was taken for cAMP measurement. SANC suspensions were prepared for cAMP measurements as previously described (39) , and cAMP levels were measured by a LANCE cAMP detection kit (PerkinElmer) and expressed as a percentage of the drug-free, control group stimulated at 3 Hz.
Drugs. A specific blocker of Ca 2ϩ uptake into the mitochondria (Ru360) was obtained from EMD Chemicals; PDE inhibitor; IBMX, PKA inhibitor (H-89), SR Ca 2ϩ pump inhibitor; cyclopiazonic acid, ␤-AR stimulator; isoproterenol (ISO), membrane-permeable cAMP analog (pCPT-cAMP), NaCN, MnCl2, and DNP were obtained from Sigma; protein phosphatase inhibitor (calyculin A) was obtained from Axxora.
Statistical analyses. Data are presented as means Ϯ SE. A paired t-test was employed to compare paired samples, and unpaired t-tests were employed to compare changes in mean Ca 2ϩ m in response to drug. An ANOVA was employed to compare the ISO effect in the presence and absence of Ru360. P Ͻ 0.05 was taken to indicate statistical significance. (15, 27, 37) , protein phosphatase inhibition (1, 44) , or an increase in cAMP (7) increase the spontaneous AP firing rate in single SANC. Figure 2A shows the increase in spontaneous AP firing rate in response to these perturbations: 21.9 Ϯ 1.1% by ␤-AR stimulation with ISO (1 M) (n ϭ 9), 25.6 Ϯ 2.2% by PDE inhibition by IBMX (100 M) (n ϭ 9), 24.6 Ϯ 2.7% by phospho-protein phosphatase inhibition by calyculin A (1 M) (n ϭ 10), and 22.6 Ϯ 3.9% by addition of a membrane-permeable cAMP analog, CPTcAMP (n ϭ 9). The increases in spontaneous AP firing rate induced by these pharmacologic interventions are similar to those measured in prior studies (1, 7, 15, 16, 27, 37, 44) .
RESULTS
SANC respiration rate increases in response to
We measured oxygen consumption as an index of the mitochondrial metabolic rate (Fig. 2B) . Increases in oxygen consumption in response to drugs were: ISO 12.7 Ϯ 6% (n ϭ 5), IBMX 13 Ϯ 3% (n ϭ 5), calyculin A 15 Ϯ 6% (n ϭ 5), and CPT-cAMP 15 Ϯ 3% (n ϭ 5). Importantly, the increase in oxygen consumption in response to drugs was substantially lower than the maximal oxygen consumption achieved during uncoupling of the mitochondria by 60 M DNP (which increased oxygen consumption by 121 Ϯ 20%, n ϭ 3).
ATP levels and mitochondrial redox state do not change in response to increase in ATP demand. An increase in oxygen consumption by each of these perturbations (Fig. 2B) indicates that ATP production rate had increased to match the increase in ATP demand required to support the increased AP firing rate.
Remarkably, although ATP demand was increased by these perturbations, the steady-state ATP level did not significantly change (Fig. 3A) . Therefore, during high ATP demand states created by the increase in AP firing rate induced by these perturbations (Fig. 2) , the ATP production rate increased sufficiently to tightly match the increase in ATP demand.
If, indeed, the ATP supply increased to match the increase in steady-state ATP demand in the absence of a change in the mitochondrial redox state, no substantial change in flavoprotein fluorescence, an indicator of matrix redox state, should occur. Flavoprotein fluorescence was measured in response to ISO or CPT-cAMP because the effects of these perturbations on spontaneous AP firing rate are reversible within a short time. Figure 3 , B and C, shows that ISO or CPT-cAMP did not significantly change the flavoprotein fluorescence (n ϭ 6 for each drug).
Increases in cytosolic and mitochondrial Ca 2ϩ in response to increases in ATP demand. We next inquired how these perturbations that increase the AP firing rate (and thus increase the ATP demand) changed cytosolic and mitochondrial Ca 2ϩ . Table 1 and Table 2 show that these pharmacological perturbations increased the amplitude of AP triggered cytosolic Ca Increased cAMP levels in response to increases in ATP demand. We had previously demonstrated that in the basal state, Ca 2ϩ indirectly links SANC ATP supply to demand largely via its effect to activate cAMP/PKA and CaMKII signaling (39, 41) . To explore whether the same mechanisms stimulate ATP production to meet the increased demand for ATP that is required to sustain an increase in spontaneous AP firing rate above the basal state, we measured the increase in cAMP that occurred in response to drug perturbations. ␤-AR stimulation by ISO increased cAMP by 118 Ϯ 23%, PDE inhibition by IBMX increased cAMP by 214 Ϯ 42%, protein phosphatase inhibition by calyculin A increased cAMP by 171 Ϯ 14% (Fig. 4C) . Figure 4D shows that the increase in spontaneous AP firing rate in response to these perturbations is a nonlinear function (r 2 ϭ 0.85) of the increase in cAMP. In other terms, the increase in cAMP greatly exceeded the increase in spontaneous AP firing rate. Figure 5A shows that the increase in cAMP in response to these perturbations is a nonlinear function (r 2 ϭ 0.99) of the increase in Ca m is essential to the increased ATP production required to support the increase in spontaneous AP firing rate, we employed Ru360 (2 M) to block Ca 2ϩ influx into the mitochondria. Ru360 alone reduced Ca 2ϩ m by 27 Ϯ 5% (n ϭ 7, Fig. 5B ) but, as shown previously (42) , increased the spontaneous AP firing rate by 12 Ϯ 1% (n ϭ 9, Fig. 5B ). Note that because an increase in spontaneous AP firing rate in Fig. 5B The main issue addressed in Fig. 5 , however, is whether the increase in Ca 2ϩ m that occurs in response to ISO is essential to the increase in ATP production that is required to sustain the ISO-induced increase in AP firing rate (Fig. 5B middle bars) . To address this issue we superfused SANC with ISO ϩ Ru360. Figure 5B shows that in response to ISO ϩ Ru360 the mean Ca 2ϩ m decreased by 23 Ϯ 3% (Fig. 5B) , similar to Ru360 alone. The increase in spontaneous AP firing rate achieved in response to ISO ϩ Ru360, however, was only 75% of that in the presence of ISO alone (P ϭ 0.03). Note that the reduction in spontaneous AP firing rate achieved in response to ISO ϩ Ru360 was similar to the reduction achieved with calyculin A, cAMP-CPT, or IBMX together with Ru360. Therefore, both an 
Ϫ8 Ϯ 3* (P ϭ 0.03) Ϫ8 Ϯ 3* (P ϭ 0.03) Ϫ10 Ϯ 3* (P ϭ 0.03) Ϫ12 Ϯ 4* (P ϭ 0.02) Spontaneous AP firing rate 14 Ϯ 2* (P Ͻ 0.001) 16 Ϯ 5* (P Ͻ 0.01) 18 Ϯ 4* (P Ͻ 0.01) 20 Ϯ 3* (P Ͻ 0.01) ISO, isoproterenol. *P Ͻ 0.05 vs. drug control. increase in Ca 2ϩ m and increase in cAMP signaling are required to increase ATP production to sustain the ISO induced increase in spontaneous AP firing rate above the basal level.
To strengthen the notion that both Ca 2ϩ m and cAMP/PKA are control mechanisms that are involved in matching ATP supply to demand, we measured flavoprotein fluorescence in response to ISO or CPT-cAMP during exposure to Ru360, which decreases Ca 2ϩ m . Figure 6 , A and B, shows that neither ISO nor CPT-cAMP significantly changed the flavoprotein fluorescence (n ϭ 6 for each drug). Therefore, the Ru360-induced reduction in the spontaneous AP firing rate in response to ISO may occur as an adaptation that partially prevents a mismatch between ATP supply to demand.
The main issue addressed in Fig. 7 , however, is whether the increase in cAMP/PKA that occurs in response to ISO is essential to the increase in ATP production that is required to sustain the ISO-induced increase in AP firing rate (Fig. 7 right  bar) , similar to the essential role of Ca 2ϩ m (Fig. 7 middle bar) . To address this issue, we superfused SANC with ISO ϩ H-89, a PKA blocker. The change in spontaneous AP firing rate achieved in response to ISO with H-89 was 50% lower than the increase in spontaneous AP firing rate above control in response to ISO. Therefore, it may be concluded that increases in both cAMP signaling and in Ca 2ϩ m are required to increase ATP production to sustain the ISO induced increase in SANC above the basal spontaneous AP firing rate.
To place the present results for ATP demand that exceed basal levels into perspective with states in which ATP demand becomes reduced below the basal level, the present results are plotted together with those of our previous study (39) in Fig. 8 . Because the changes in cAMP in response to reduced ATP demand in our prior study were measured in the presence of IBMX (39), the cAMP level in the presence of ISO or calyculin was measured in the presence of IBMX. Figure 8 shows the relationship of changes in SANC spontaneous AP firing rate (which informs on ATP demand) to changes in whole cell ATP level (which reports the supply-demand balance) and changes in whole cell cAMP (which reports changes in cellular Ca 2ϩ -cAMP/PKA-CaMKII signaling axis). When the AP firing rate increases above the basal level (control in Fig. 8), cAMP (Fig.  8, A and D) and Ca 2ϩ m (Fig. 8B ) increase, and the ATP level is preserved. Thus, for ATP supply to increase above the basal level, increases in both cAMP and Ca 2ϩ m are required. However, when AP firing rate is reduced below the basal level (control in Fig. 8 ) the ATP level is reduced due to a reduction in ATP supply (Fig. 8C) . Although Ca 2ϩ m is also reduced, this is not the major control mechanism that reduces ATP supply, because a reduction in basal Ca 2ϩ m by Ru360 (Fig. 5B) is accompanied by a concurrent increase in spontaneous AP firing rate (in other terms, an increase in ATP production is met by non Ca 2ϩ m -dependent mechanisms). ATP supply to demand matching in VM. Prior reports indicate that the ATP level in the heart remains constant when ATP demand changes (4) . To directly compare ATP budget management in SANC with that in VM we applied the same pharmacological perturbations to increase ATP demand in VM as in SANC. However, because SANC generate spontaneous APs we electrically stimulated the VM. In response to electrical stimulation of VM at 3 Hz (to mimic SANC spontaneous AP firing at basal rate) or at 4 Hz (to mimic SANC spontaneous AP firing in response to the drug perturbations that increase ATP demand) the steady-state ATP level did not significantly change (Fig. 9A) . Figure 9B shows the increase in cAMP in response to electrical stimulation of VM at 3 or 4 Hz prior to and in the presence of drug perturbations. Electrical stimulation at 3 Hz, per se, partially increases cAMP compared with the quiescent mode. In response to drug perturbation, the increase in cAMP that was achieved in SANC was similar in VM when changes in cAMP level prior to drugs (3 Hz) are compared with that after drug application (4 Hz). ␤-AR stimulation by ISO increased cAMP by 177 Ϯ 21%; PDE inhibition by IBMX increased cAMP by 272 Ϯ 50%; protein phosphatase inhibition by calyculin A increased cAMP by 235 Ϯ 16% (Fig. 9B) .
DISCUSSION
ATP supply matches ATP demand at high demand. The present study is the first to describe the mechanisms that match ATP production to ATP demand during a moderate increase in demand for ATP in SANC. The first novel finding is that when the spontaneous AP firing rate increases above the basal level, the increase in ATP demand is met by an increase in ATP production and the steady ATP level remains constant. Our prior studies, however, demonstrated that when ATP demand in SANC is reduced below the basal level by interfering with basal Ca 2ϩ -cAMP/PKA (39) or CaMKII (41) signaling, the steady ATP level falls, consistent with a reduction in ATP production (Fig. 8) . In contrast to SANC, the steady levels of ATP, CrP, and other energy metabolites in VMs remain essentially constant over a wide range of workloads (4, 17) (for review see Ref. 40) .
We observed that flavoprotein fluorescence, an index of the mitochondria redox potential, remained unchanged in SANC during an increase in demand (Fig. 3) . Similarly, in guinea pig VM, the NAD(P)H level [flavoprotein is reciprocally related to mitochondrial NAD(P)H content] remains constant in response to an increase in AP firing rate (22) or to ISO (25) , indicating that the ATP supply meets the demand.
Both Ca 2ϩ m and cAMP/PKA-CaMKII signaling regulate the increase in ATP supply when ATP demand exceeds the basal level. Our second novel, and most important, finding is that an increase in ATP demand above the basal level is associated with increases in both Ca 2ϩ -dependent cAMP/PKA-CaMKII signaling and Ca 2ϩ m . We had previously shown that gradual reductions in ATP demand below the basal level were associ- Fig. 7 . Relative changes in spontaneous AP firing in response to inhibition of mitochondrial Ca 2ϩ influx by Ru360 (2 M, n ϭ 9) in the presence or absence of H-89. *P Ͻ 0.05 vs. drug control. -dependent cAMP/PKACaMKII signaling (39, 41) . The perturbations employed in the present study (which increased ATP demand via an increase in the spontaneous AP firing rate) induced increases in cAMP (Fig. 4) , the amplitude of cytosolic Ca 2ϩ transient, and acceleration of Ca 2ϩ transient decay kinetics. In SANC, an increase in cytosolic Ca 2ϩ activates and increases cAMP and AC and cAMP/PKA dependent and CaMKII dependent phosphorylation signaling. In addition to its effects to phosphorylate intracellular Ca 2ϩ cycling proteins that regulate the spontaneous AP firing rate (and therefore the ATP demand), cAMP/ PKA signaling phosphorylates several mitochondrial proteins and complexes I-V (for review see Ref. 9 ). An increase in phosphorylation of these complexes in the electron transport chain by cAMP/PKA enhances the flux of protons and drives it to complex V to increase the rate of ATP production. Moreover, phosphorylation of both inner and outer mitochondrial membrane proteins has been documented, specifically phosphorylation of complex V by CaMKII (38) . Voltagedependent anion channels are also phosphorylated by PKA (5, 34) , which can increase the delivery rate of ATP from the mitochondria to the cytosol. Therefore, it is plausible to conclude that an increase in Ca 2ϩ -cAMP/PKA and CaMKII signaling to the mitochondria is a mechanism to increase the ATP production rate required to support the enhanced ATP production to meet the increased ATP demand imposed by an increased spontaneous AP firing rate.
In VM an increased cytosolic Ca 2ϩ is known to increase mitochondrial Ca 2ϩ (22) . Figure 4 shows that perturbations that increase cytosolic Ca 2ϩ in SANC in the present study also lead to an increase in Ca (Fig. 5) . Note that in the presence of ISO and Ru360, mean Ca 2ϩ m decreases to a similar level as Ru360 alone (Fig. 5) , similar to the effect in guinea pig VM (25) . In contrast to when ATP demand exceeds the basal level, reducing basal-state Ca 2ϩ m by Ru360 does not prevent an associated increase in AP firing rate (due to mitochondria-SR cross talk that increases SR Ca 2ϩ load and spontaneous AP firing rate), suggesting that in the basal state, Ca 2ϩ m is not critical for mitochondrial ATP production.
Because we had previously observed that cross talk occurs between SR and mitochondrial Ca 2ϩ and that the SR Ca 2ϩ load both is affected by and affects the spontaneous AP firing rate (42) (25) is suitable to measure both cytosolic and mitochondrial Ca 2ϩ , this requires acute rupture of a membrane patch, which may often create a small leak current that notably affects the balance of ionic currents during diastolic depolarization, having substantial impact on spontaneous AP frequency of SANC (26) .
Other mechanisms that can match ATP supply to demand in pacemaker cells. Additional control mechanisms that may be involved in matching ATP supply to demand have been noted in cells other than SANC, specifically in ventricular tissue or cells: 1) Pi and ADP are direct products of energy utilization (8) . Although the basal level Pi/ADP is not a major regulator of mitochondrial ATP production when AP firing rate decreases below the basal level (because in this case ATP level falls although Pi/ADP level is expected to increase) (39) , it may play a role in regulating ATP production when ATP demand exceeds the basal state. Future experiments are needed to determine if Pi/ADP in SANC remains constant during high ATP demand as in the whole heart (4) or whether local changes occur within microdomains. 2) AMP-activated protein kinase can regulate ATP production because ATP production is activated by an increase in AMP/ATP ratio. In rat cardiomyocytes, however, ISO does not change the AMP/ATP ratio (21) . Additional studies are required to determine if this mechanism exists in SANC. Therefore, the relative role of AMP-activated protein kinase during high ATP demand is controversial.
3) Finally, in VM, mitochondrial respiration and ATP synthesis are coupled to creatine and synthesis of phosphocreatine by the mitochondrial creatine kinase (CK), a key component of the cellular system of CK. CK in VM is localized to myofibrils at M-line and I-band of sarcomeres and present in the subsarcolemmal space (32) . Although the contractile myofilament density in VM markedly affect energetic and ATP demand, myofilament density in SANC is only a fraction of that in VM (6) , and blocking contraction in SANC does not reduce the basal ATP levels, cytosolic Ca 2ϩ , or spontaneous AP firing rate (11, 39) (as do perturbations that reduce the spontaneous AP firing rate by reducing Ca appears to play an important role in matching ATP supply to demand in rabbit VM, both in the basal state and when ATP demand increase above the basal level. Because in response to drug perturbations in VM cAMP increases, cAMP may also take part in matching ATP supply to demand at high demand. However, in VM in contrast to SANC, the steady-state ATP level is not reduced in response to inhibition of Ca 2ϩ -cAMP/PKA (39) . Therefore, similar to SANC at different ATP demand, different mechanisms can take part in matching ATP supply to demand.
Clinical implications. Both cross-sectional and longitudinal studies in humans have shown that a decrease in the maximal heart rate occurs beyond the age of 30 yr (12, 13, 29) . It is possible that this reduction in the maximal heart rate is, in part, due to the inability of the mitochondria to supply an adequate amount of ATP to match the increase in ATP demand. The spontaneous AP firing rate of single SANC also declines with age: the maximum ryanodine receptor Ca 2ϩ release flux in response to an AP (indexed as dCa 2ϩ /dt max) declines, and the kinetics of relaxation of the Ca 2ϩ transient become reduced with age. Moreover, intrinsic SR Ca 2ϩ cycling kinetics and rhythmicity and submaximal responses to PDE inhibition decline with aging (35) . Therefore, reduction in cAMP/PKACaMKII signaling and Ca 2ϩ m may be involved in reduction of maximal heart rate that accompanies advancing age. Future experiments are needed to test this hypothesis.
There are several reports that indicate that mitochondrial metabolism is altered in heart failure (14, 22) . Specifically, during heart failure alterations in Ca 2ϩ m (22) and cAMP signaling (for review see Ref. 10) in VM have been documented. Given our finding that both Ca 2ϩ and cAMP/PKACaMKII signaling are required for ATP production in SANC, reductions in this signaling during heart failure, specifically at high demand, can affect SANC function. Therefore, abnormal arrhythmias initiated within SANC may be partially related to an energy imbalance.
Limitations. It was shown that an increase in oxygen uptake in vivo in response to ISO modifies activities of mitochondrial respiratory enzymes (31) . Moreover, IBMX can directly affect complex I (28). Finally, it was suggested that mitochondrial membrane proteins could be potential targets for induced changes in phosphorylation in response to phosphatase inhibition.
We measured cAMP only at steady state, and therefore we cannot distinguish whether the time course of the increase in cAMP induced by calyculin A differs from that induced by ISO or IBMX. However, the steady-state effect of calyculin A on phospholamban phosphorylation is similar to that of IBMX (44) , and therefore in the steady state the changes in cAMP and Ca 2ϩ in response to these drugs are similar. Moreover, we measured global cAMP in SANC. However, differences in regional changes in cAMP may occur in response to different pharmacological perturbations, and this may result in regional differences in the dominant mechanism that matches ATP supply to demand.
We measured ATP in suspensions of SANC, and therefore it is impossible to distinguish the response to the pharmacological perturbations when cAMP/PKA signaling is decreased, whether ATP or spontaneous AP firing is the first decline, or whether both fall in parallel. Future experiments in which "live ATP" could be measured in parallel to spontaneous AP firing rate may help to resolve this enigma.
Although the baseline beating rate is similar in isolated, intact rabbit sinoatrial node tissue and isolated single SANC, the change in spontaneous AP firing rate in response to ISO is lower in SANC than in intact sinoatrial node tissue (20) . Therefore, it is possible that during the isolation procedure of single SANC some mechanisms that regulate the response to ISO become inactive. Future experiments are required to examine the ATP supply to demand mechanisms at both high and low demand in isolated sinoatrial tissue.
Conclusions. In summary, in response to an increase in ATP demand above the basal level, both cAMP-PKA-CaMKII signaling to mitochondria and Ca 2ϩ m act in concert to increase the ATP supply to match the increase in demand. When the ATP demand falls below the basal state, however, cAMP/PKAdependent phosphorylation signaling to mitochondria appears to be the dominant mechanism that regulates ATP production. Thus, the same Ca 2ϩ -AC-cAMP-PKA-CaMKII-Ca 2ϩ release signaling system that regulates the rate of rhythmic spontaneous AP firing rate of SANC over the entire physiological range also efficiently regulates the energy supply to match the wide range of ATP demand required by the wide range of spontaneous AP firing rates.
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